Gurr et al.: HPLC assay of disaccharides and oligosaccharides 77 J. Clin. Chem. Clin. Biochem. Vol. 23, 1985, pp. 77-87 High Performance Liquid Chromatographie Assay of Disaccharides and Oligosaccharides Produced by the Digestion of Glycosaminoglycans with Chondroitin Sulphate Lyases By E. Gurr, G. Pallasch, S. Tunn, C. Tamm and A. Delbrück Institut för Klinische Chemie II, Zentrum für Laboratoriumsmedizin der Medizinischen Hochschule Hannover, Hannover (Received May 9/September 28, 1984)) Summary: In high perfonnance liquid Chromatographie procedures hitherto described, SiO 2 , NH 2 and RP columns have been used for the analysis of disaccharides produced by % the digestion of glycosaminoglycans with the chondroitin sulphate lyases AC and ABC. The use of a potent anion exchanger offers the following advantages over these columns: superior Separation chäracteristics for non-sulphated disaccharides, and improved column perfonnance, coupled with more stable analytical conditions. Elution with dilute saline Solutions permits Separation of the two non-sulphated disaccharides from chondroitin and hyaluronate.
Introduction
The specific enzymes hyaluronate lyase, chondroitinase AC and Chondroitinase ABC are being used increasingly for the determination of individual glycosaminoglycan components (1) (2) (3) (4) (5) (6) (7) . These enzymes digest hyaluronate, chondroitin sulphate and dermatan sulphate to form -ß-unsaturated uronic acids. Sequential application of these enzymes in the above order, and Separation of the metabolites from the undigested glycosaminoglycans after each digestion
Step permits the determination of glycosaminoglycan distribution patterns. Quantification may then be performed by analysing the metabolites of the digested components (6) or by determining the concentrations of the undigested glycosaminoglycans (5, 7) . Metabolite analysis is the preferred method because this also yields Information on the degree of sulphation and the proportion of 4-sulphated and 6-sulphated isomers.
Paper chromatography (8) , thin-layer chromatography (9) and various high performance liquid chromatography methods (10 -15) have been described for the analysis of the -ß-unsaturated uronic acids. Paper chromatography and thin-layer chromatography are time-consuming and relatively insensitive. High performance liquid chromatography should therefore be the method of choice'by virtue of its speed and sensitivity.
One analytical procedure for the determination of glycosaminoglycan distribution patterns has been reported which is based on the sequential application of hyaluronate lyase, chrondroitinase AC and chondroitinase ABC and high performance liquid Chromatographie analysis of the products of degradation (6) . This procedure has been used to identify glycosaminoglycan distribution patterns in various human connective tissues. Experience has shown that the method for the characterization of glycosaminoglycans by sequential enzymatic digestiori requires verification in two respects.
Firstly, analysis of the non-sulphated glycosaminoglycan components, hyaluronate and chondroitin, has not always proved satisfactory. This has been due to inadequate precision in the determination of the non-sulphated disaecharides, due to incomplete high performance liquid Chromatographie Separation of accompanying substances. An improved Chromatographie technique was to be used in an attempt to increase the precision of the determination of these two components.
Secondly, analysis of human hyaline cartilage by sequential glycosaminoglycan digestion surprisingly revealed dermatan sulphate in a concentration of approximately l % of the glycosaminoglycans. To date there have been no reports of dermatan sulphate äs a component of articular cartilage. However, enzymatic methods have not been used for the characterization of articular cartilage glycosaminoglycans (16) . It was therefore necessary to establish whether this result could be substantiated by further analyses or whether the enzymatic method gave false results for dermatan sulphate in this concentration ränge.
Material and Methods
Ghondroitinase AC (EC 4.2.2.5) and ABC (EC 4.2.2.4) were purchased from Miles Biochemicals (Frankfurt, FRG) and Sigma Chemie (Munich, FRG), hyaluronate lyase (EC 4.2.99.1) from E. Merck (Darmstadt, FRG), Standard disaecharides (2-acetamido-2-deoxy=3-O-(ß-jD-gluco-4-enepyranosyluronic acid)-Z)-galactose ( DiOS), 2-acetamido-2-deoxy-
was prepared by digesting hyaluronic acid (umbilical cord, Sigma Chemie, Munich, FRG) with hyaluronate lyase followed by Chondroitinase AC, äs described below. The disaecharides were isolated by precipitation of undigested mat erial with methanol (eightfold volume), followed by chromatography on Sephacryl S 200, desalting on Sephadex G 15 and freeze-drying. All other chemicals (E. Merck, Darmstadt, FRG) were of analytical grade.
Isolation of glycosaminoglycans
The method used to isolate the glycosaminoglycans from human intervertebral discs, articular eartilage and Dupuytren's contracture has been described in füll elsewhere (6) . Briefly, the tissues were subjected to the following procedures: proteolysis with papain, precipitation of non-glycosaminpglycan material with perchloric acid at pH 1.3, dialysis against double-distilled water, freeze-dyring, ß^elimination in 0.3 mpl/1 NaOH and precipitation with ethanol (fivefold volume) äfter neutralization with HC1. The resultant glycosaminoglycans were dissolved in double-distilled water and analysed by.the uronic acid assay method of Bitter & Muir (17) .
Determination of glycosaminoglycan components
The procedure used for the analysis of glycosaminoglycan distribution patterns was based on the digestion of the polymers followed by the determination of the hydrolysis products by high performance liquid chromatography. Glycosaminoglycans corresponding to amounts of 0.5 to l μιυοΐ uronic acid were used for each assay. The following procedures were used for enzymatic depolymerization:
Digestion whh hyaturonate lyase
An aqueous solution (500 μΐ) of glycosaminoglycans was mixed with 60 μΐ 0.1 mol/1 sodium acetate buffer, pH 6.0. The solution was treated for 3 h at 60°C with 20 μΐ of a solution of hyaluronate lyase (100 turbidity-reducing units in l ml 0.01 mol/1 sodium acetate buffer, pH 6.0) followed by a second incubation Step with 10 μΐ enzyme solution (3 h). The resultant oligosaccharides of hyaluronate were separated from the undigested glycosaminoglycans by precipitation with sodium acetatesaturated ethanol (3 ml) and digested into disaccharides by chondroitinase AC, s described below.
Digestion with chondroitinase AC
An aqueous solution of glycosaminoglycans (500 μΐ) was mixed with 200 μΐ Tris-HCl bufler (0.1 mol/1, ph8.0) and incubated for 3h at 37 'C with 20 μΐ of a chondroitinase AC solution (10kU/l double-distilled water), followed by a second incubation with ΙΟμΙ of the chondroitinase AC solution (3h, 37 C C).
Digestion wifh chondroitinase ABC
The digestion was performed s for chondroitinase AC except that a solution of ehondroitinase ABC (10 kU/1 double-distilled water) was used.
Each enzymatic degradation
Step was followed by Separation of products from the undigested glycosaminoglycans by precipitating the undigested glycosaminoglycans with 3.8ml sodium acetate-saturated ethanol (15 h, 4°C).
The residue was washed twice with \ ml ethanol (volume fraction 0.96). The supernatants from the precipitation and the wash procedure were pooled, evaporated to dryness (37 °C) and dissolved in 200 μΐ double-distilled water. Aliquots of these Solutions were analysed by high performance liquid chromatography. The following two combinations of enzymatic degradation steps were used:
Method A Digestion with hyaluronate lyase followed by chondroitinase AC and chondroitinase ABC.
Method B Digestion with chondroitinase AC followed by chondroitinase ABC.
After chondroitinase ABC degradation, the undigested residue was separated by thin-layer chromatography and keratan sulphate and heparan sulphate were quantified by determining hexosamine (18) and uronic acid (17) respectively, s described in a previous publication (6) . (17) , hexosamine determination (18) and by absorption at 230 nm. Peaks containing hexa-and tetrasaccharides were lyophilized, dissolved in double-distilled water and digested with chondroitinase AC a second time. After Separation from the undigested material by ethanol/sodium acetate precipitation, the metabolites were degraded with chondroitinase ABC. All fractions containing metabolites were evaporated, dissolved in double-distilled water and analysed by high performance liquid chromatography. At each degradation step double-distilled water was submitted to the same digestion procedure and analysed äs a control.
Results

High performance liquid chromatography of the disaccharides
The effect ofionic strength on the elution pattern
Nucleosil SB is a potent ion exchanger on a silica gel basis, having a quaternary ammonium group äs its functional group. Since an ion exchange mechanism may be postulated for Separation, aqueous saline Solutions were selected äs eluents. Aqueous sodium chloride Solutions, sodium sulphate Solutions, buffered sodium acetate and buffered sodium phosphate Solutions (pH 4.5-6) were used in preliminary experiments to separate a Standard solution of the pure disaccharides. The best Separation results were obtained with sodium chloride Solutions. All the other Solutions yielded broad peaks which were not sufficiently separated in the case of the sulphated disaccharides. The addition of organic solvents (acetonitrile, methanol, tetrahydrofuran) up to volume fractions of 0.10 resulted in further peak broadening and in double peaks.
The effect of the ionic strength of the eluent on the Separation pattern was studied with sodium chloride Solutions in the concentration ränge from 0.13 to 0.25mol/l. Chromatography was performed with a solution containing a mixture of the three pure disaccharides in concentrations of 120 / water. Figure 2 shows that the phase capacity ratio k' for the two sulphated disaccharides decreases äs the ionic strength increases. In this ränge the phase capacity ratio for the non-sulphated disaccharide displays only a slight reduction äs the ionic strength increases.
Samples obtained during analysis of glycosaminoglycan distribution patterns by fractionated 
syluronic acid)-6-Osulpho-jD^galactose. Flow rate: l ml/min. enzymatic digestion (6) contaiiied a number of substances (buffer salts) with retention times similar to those of the non-sulphated disaccharides. In particulaf, sodium acetate fronji the sodium acetate/ethanol precipitation step has a retention time only slightly longer than the non-sulphated disaccharides and can give rise to considerable errörs due to incomplete Separation. Complete Separation of the non-sulphated disaccharides from the accompanying salts is achieved with eluents with sodium chloride concentrations below 0.2 mol/1. All Chromatographie procedures Were therefore performed using eluents containing sodium chloride in the concentration ränge from 0.16 to 0.18 mol/1.
Linearity and reproducibility
In order to determine the ränge of linearity, chromatography was perforrned using Solutions containing mixtures of the pure disaccharides in concentrations between 10 and 4800 nmol/ml (0.1 and 48 nmol/injection). A linear increase in the signal accompanied the increase in sample concentration for the sulphated disaccharides ovef the entire ränge measured ( fig. 3 ). the results obtained would have been too low. The correlation coefficients for the three disaccharides were greater than 0.998, although for 2-acetamido-2-deoxy-3-O-( -£-gluco-4-enepyranosyluronicacid)-/>-galactose only the linear r nge up to 20nmol was taken into account.
The coefficients of Variation within a series and from day to day were determined in order to monitor the reproducibility of chromatography. For this purpose a Standard mixture of the three disaccharides was analysed (2-acetanudo-2-deoxy-
Coefficients of Variation ranging from 1.7% to 3.4% were calculated within a series of 11 chromatograms (tab. l, I). For the determination of the coefficient of Variation from day to day, 8 chromatograms were run on four consecutive days: on each of these days a Standard solution was analysed at the beginning and end of a series of 45 runs. The coefficients of Variation ranged between 2.0% and 3.0% (tab. l, II). No recalibration was carried out during this experiment but the precolumns were changed routinely after every 100 runs.
The following coefficients of Variation were found for a series of 10 chromatograms for disaccharide concentrations at the lower limit of the measuring r nge:
Separation of the non-sulphated disaccharides
The digestion of glycosaminoglycans with chondroitinase AC yields two different non-sulphated disaccharides: 2-acetamido-2-deoxy-3-O-( -Z)-gluco-4-enepyranpsyluronic acid)-/)-galactose from the non-sulphated regions of chondroitin sulphate and 2-acetamido-2-deoxy-3-O-( -£>-gluco-4-enepyranosyluronic acid)-/)-glucose from hyaluronate. These two disaccharides may be separated by paper chromatography. However, since this method is extremely time-consuming, an attempt was made to discover a more rapid high performance liquid chromatography method.
When the ion exchanger was used s the stationary phase, a reduction in the ionic strength of the eluent resulted in higher k' values. It was therefore suspected that Separation of the two sulphated disaccharides would be possible using highly dilute sodium chloride Solutions s eluents. In fact, a mixture of the two Tab. 1. Reproducibility of high performance liquid Chromatographie analysis.
I: 11 runs in series; II: 8 runs between series without recalibration (two runs each day, one at the beginning and one at the end of a series of 45 runs). Satisfactory quantitative results were obtained under these conditions even in the presence of major differences in concentration between the two nonsulphated disaccharides. Moreover, the retention times of the sulphated disaccharides were so great that they did not disturb chromatography by causing additional peaks or baseline drift within series of chromatograms.
Coefficient of
With regard to the r nge of linearity, a linear increase in the signal was obtained s the sample concentration increased in the r nge from 14 to 3800 μιηοΐ/ΐ (140 pmol to 38 nmol/injection) ( fig. 5 ). An identical straight line was found for the two non-sulphated disaccharides. This is possibly due to the identical absorption pattern of the two disaccharides, based on a comparable steric arrangement of the a--unsaturated carboxyl groups. The coefficients of Variation within a 10 chromatogram series were 5.6% (2-acetamido-2-deoxy-3-O-( -D-gluco-4-enepyranosyluronic acid)-/)-galactose; sample concentration: 2.38 nmol/injection) and 3.5% (2-acetamido-2-deoxy- The fraction in the void volume contained hexosamine and no detectable quantities of uronic acids. This was therefore assigned to keratan sulphate. Uronic acids were detected by the carbazol assay in the remaining three fractions (17) . In addition, like oc-ß-unsaturated uronic acids, these displayed absorption at 230 nm. Following oligosaccharide chromatography, these three fractions were characterized äs disaccharides, tetrasaccharides and hexasaccharides on the basis of their retention times.
Repeat incubation of the isolated tetra-and hexasaccharides with chondroitinase AC did not result in further cleavage of the oligomers. This demonstrated that the oligosaccharides are not susceptible to further digestion by chondroitinase AC. The activities of the enzyme Solutions were verified in parallel experiments with pure chondroitin sulphates, and the absence of disaccharides in the test mixture was established with the aid of glycosaminoglycan-free blank values.
A substance which could be precipitated with ethanol/ sodium acetate could no longer be detected following incubation of the tetrasaccharides and the hexasaccharides with chondroitinase ABC. Disaccharides were obtained whose sulphation pattern differed from that of the chondroitin sulphate of this glycosaminoglycan preparation: the sulphate group was located predominantly at the C 4 atom of the galactosamine. The ratio of C 6 and C 4 isomers was therefore far lower with the tetrasaccharides and the hexasaccharides than with the disaccharides of chondroitin sulphate (disaccharides 17; tetrasaccharides 0.25; hexasaccharides 0.16; fig. 6 ).
Determination of glycosaminoglycan distribution patterns
For the determination of glycosaminoglycan distribution patterns a technique has been described in which hyaluronate, chondroitin sulphate and finally dennatan sulphate are digested in seqüential Steps using hyaluronate lyase, chondroitinase AC and chondroitinase ABC, followed by high per/ormance liquid Chromatographie analysis of the metabolites (6) . The undigested components heparan sulphate and keratan sulphate are separated by thin-layer chromatography and quantified by assaying hexosamine and uronic acid respectively. High performance liquid Chromatographie Separation of the non-sulphated disaccharides from hyaluronate and chondroitin should now permit the determination of these two glycosaminoglycan compoiients directly without the use of hyaluronate lyase. Firstly, the completeness of hyahironate-chondroitin sulphate digestion by chondroitinase AC alone was investigated. The experiments were performed using glycosaminoglycans isolated from Dupuytren's contracture because these samples have a relatively high hyaluronate content (22, 23) . In 5-fold determinations, digestion with chondroitinase AC was performed in two consecutive Steps (I, II) to measure the completeness of the reaction. The concentration of unsaturated disaccharides was determined by high performance liquid chromatography in both fractions in exactly the same way äs for the subsequent digestion Step with chondroitinase ABC.
The results (tab. 2) show that after the first digestion
Step with chondroitinase AC only small amounts of chondroitin and hyaluronate (< 2%) remained in the sample. Since the chondroitin sulphate metabolites were detected in approximately equal amounts, this appears to be a carry over rather than incomplete digestion due to Inhibition of chondroiünase AC. In support of this theory, 2-acetamido-2-deoxy-3-O-(ß-Z)-gluco-4-enepyranolsyluronic acid)-Z)-glucose could no longer be detected among the degradation products of chondroitinase ABC, even though hyaluronate is also converted to disaccharides by this enzyme, albeit more slowly than by chondroitinase AC. Hyaluronate is therefore completely digested by chondroitinase AC during the first Step. The coeflficients of Variation ranged from 2.5% (dermatan-4-sulphate) to 13.4% (chondroitin-4-sulphate) in 5-fold determinations. The high coefficients of Variation for chondroitin-4-sulphate, dermatan-0-sulphate and dermatan-6-sulphate may be attributed to their low concentrations. In these cases, quantities of the order of 100 pmol had to be detected by chromatography.
In a second experiment, glycosaminoglycan analysis with the hyaluronate lyase step but without Separation of the non-sulphated disaccharides (Method A) was compared for consistency with glycosaminoglycan analysis without the hyaluronate lyase step but with Separation of the non-sulphated disaccharides (Method B). In this experiment, glycosaminoglycans from 4 intervertebral discs were investigated in parallel using the two methods. Table 3 shows that the results for all components were highly consistent. This also applies for the non-sulphated disaccharides when hyaluronate and chondroitin are added together.
However, lower hyaluronate and higher chondroitin concentrations were detected with Method A than with Method B. This finding is due to the formation of oligomers (tetrasaccharides, hexasaccharides and octasaccharides) from hyaluronate by hyaluronate lyase (2) . The solubility of these oligosaccharides in ethanol/water Solutions decreases äs the proportion of ethanol and the molecular weight increase. Consequently, äs the proportion of ethanol increases in the precipitation step following incubation with hyaluronate lyase, increasing amounts of hyaluronate oligosaccharides are co-precipitated with the undigested glycosaminoglycans (including chondroitin). During subsequent incubation with chondroitinase AC, both chondroitin and the oligosaccharides are digested to form non-sulphated disaceharides. With Method A these non-sulphated disaccharides are assigned collectively to chondroitin without further differentiation by high performance liquid chromatography. This results in excessively high chondroitin conceiitrations and excessively low hyaluronate concentrations. Dürmg precipitation with a 5-fold volume of ethanol after the hyaluronate lyase step, approximately 50% of hyaluronate is tfänsferred to chondroitin (tab. 3). Following identical precipitation with a 4-fold volume of ethanol, approximately 15% of hyaluronate is transferred to chond roitin (results not shown here). In contrast, complete Separation of these two components is achieved with Method B.
Discussion
High performance liquid chromatography Descriptions of various methods for the high performance liquid Chromatographie Separation of <**ß-unsaturated uronic acids are to be found in the published literature. However, the majority of these methods have proved unsatisfactory. Chromatography on silica gel columns is performed with a ternary elution mixture of dichloromethäne, methanol and aqueous buffer Solutions which is difficult to use (12) . The disadvantages of ion-pair chromatography using reversed-phase columns are löng retention times and pronounced sensitivity to minor variations in the eluent (13) . The commonest procedure involves the use of weak anion exchangers in which primary amines form the stationary phase (10, 11) . However, unsatisfactory results have been obtained wher* determining non-sulphated disaccharides frOm hyaluronate and chondroitin beeause the Separation of accompanying substances is incomplete. In pärticülar, Separation of sodium acetate from the ethanol/sodium acetate precipitation step becomes less and less complete äs the column becomes older, with the result that spüricmsly high välues, ^re obtained for Hlabelled disaccharides, and quantification has been performed by fractionation and subsequent activity determination. The precision of Separation, in particular that of non-sulphated disaccharides from nonlabelled buffer salts, has therefore not been assessed.
Comparison of chromatography on a potent anion exchanger with quaternary ammonium functional groups (the technique described here) and chromatography on amino phases reveals that similarly good results are obtained with both methods in the determination of the two sulphated disaccharides. However, the potent anion exchanger gives a considerably greater Separation of the non-sulphated disaccharides, and Separation of these disaccharides from buffer salts and other accompanying substances is complete. Consequently, compared with chromatography on NHa phases, the determination of chondroitin and hyaluronate can be performed with greater accuracy. In addition, 2-acetamido-2-deoxy-3-O-(ß-Z)-gluco-4-enepyranosyluronic acid)-D-galactose and 2-acetamido-2-deoxy-3-O-(ß--D i -gluco-4-enepyranosyluronic acid)-Z>-glucose can be separated with a considerable reduction in the ionic strength of the eluent. It is possible to achieve baseline Separation with uniform peaks. The Separation of non-sulphated disaccharides on amino phases at low pH values has also been reported in the literature (24) . However, multiple peaks (probably due to imutarotation feactions inside the separating columns) have been obtained with every substance (24) . While the Separation performance of the high performance liquid chromatography method described in this paper is comparable with that of paper chromatography, high performance liquid chromatography is superior in terms of speed (20 minutes -28 hours) and sensitivity (detection limit: < l nmol-20 nmol) (19, 20) .
In terms of practical use, the potent anion exchanger was found to be superior to the amino phase. Quantitative determination of the unsaturated disaccharides was dependent on the elution speed alone. Alterations to the sodium Chloride concentration of the eluent only resulted in changes in the retention times and did not necessitate changes in the integration parameters within the studied concentration ränge (0.015-0.23 mol/1 saline). Recalibration was therefore not required, even after column change, and regardless of the batch of stationary phase. Moreover, the life expectancy of a column was approximately 300 to 400 runs (amino phase: approximately 200 runs). However, elution speeds in excess of l .0 ml/ min should not be used since these cause sudden breakdown of the column matrix within 50 to 100 runs.
Accuracy of the dermatan sulphate determination
It was demonstrated in a previous publication that dermatan sulphate can be accurately determined in a glycosaminoglycan pool by sequential enzymatic digestion (6) . In view of the unexpected detection of small quantities of dermatan sulphate in human hyaline cartilage, it was, however, necessary to verify the accuracy of the method in the analysis of cartilage tissue (6, 21) . The second incubation with chondroitinase AC showed that the öligosaccharides obtained by digestion with chondroitinase AC are not digestable by this enzyme even when isolated. It is therefore possible to exclude both the incomplete digestion of chondroitin sulphate by chondroitinase AC and the partial Inhibition of chondroitinase AC by other substances during the first incubation Step. However, the öligosaccharides are cleaved by chondroitinase ABC to form disaccharides. In contrast to chondroitinase AC, chondroitinase ABC cleaves the bonds between galactosamine and iduronic acid. It may therefore be assumed that iduronic acid is present in the öligosaccharides, even though the lack of a sufficiently sensitive assay method for such small quantities has meant that it could not be detected.
Characterization of the fractions not digestable by chondroitinase AC but completely digestable by chondroitinase ABC has revealed that the sulphation pattern deviates markedly from that of chondroitin sulphate: the galactosamine is sulphated predominantly at C 4 , with the result that the ratio of C 6 and C 4 isomers is about 100 times lower than with chondroitin sulphate. Comparable differences were also discovered during the determination of glycosaminoglycan distribution patterns of intervertebral discs (25) . Dermatan sulphate is reported also to be sulphated predominantly at the C 4 atom of galactosamine (16, 26, 27) . Given the specificity of the digesting enzymes and the high proportion of 4-sulphated galactosamines, it may therefore be assumed that the cartilage fraction studied here differs from chondroitin sulphate and should presumably be assigned to dermatan sulphate.
The occurrence of öligosaccharides following digestion with chondroitinase AC suggests that this dermatan sulphate of articular cartilage forms hybrid molecules with chondroitin sulphate, a phenomenon which has been reported for other tissues (27) . It is not known whether the dermatan sulphate regions are components of a few glycosaminoglycan chains or whether they are distributed throughout the entire chondroitin sulphate-containing region of the proteoglycans. If it is assumed that the iduronic acid components are distributed more or less uniformly throughout the chondroitin sulphate-containing region, then because of their small number, they will exert non influence on the overall physico-chemical behaviour of these chains. This woüld explain why dermatan sulphate has not been detected in articular cartilage by physicochemical methods.
Chondroitin/hyaluronate determination during glycosaminoglycan analysis In Method A, which involves the hyaluronate lyase step for the analysis of glycosaminoglycan distribution patterns, hyaluronate and chondroitin are separated by the enzymatic digestion of hyaluronate with hyaluronate lyase, and the hyaluronate oligomers are then separated from the chondroitin-containing undigested glycosaminoglycans by the ethanol/ sodium acetäte precipitation step. The two components are quantified by the high performance liquid Chromatographie determination of the nonsulphated disaccharides in the corresponding fractions. The quality of the Separation of hyaluronate oligomers and undigested glycosaminoglycans is critical for accuracy. Complete separatiou is possible by gel chromatography (20) but this method is too laborious for the analysis of relatively large sample series. Separation by ethanol/sodium acetäte precipitation is simpler but has been found to be incomplete because more and more hyaluronate oligomers are co-precipitated äs the ethanol Content increases.
The use of high performance liquid chromatography to separate the non-sulphated disaccharides within the pfevioüsly descfibed analytical procedure eliminates the differentiation of chondroitin and hyaluronate by the hyaluronate lyase step, because 2-acetamido-2-deoxy-3-O-(ß-/)-gluco-4-enepyranosyluronic acid)-Z)-glucose and 2-acetamido-2-deoxy-3-O-(ß-Z>-gluco-4-enepyranosyiuronic acid)-D-galactose can be determined sirmiltaneously and unequivocally äs degradation products of chondroitinase AC.
The direct identification of hyaluronate and chondroitin äs degradation products of chondroitinase AC is thus a major improvement in the enzymatic characterization of glycosaminoglycans. The high performance liquid Chromatographie Separation of the two non-sulphäted disaccharides perinits greater accuracy in the determination of hyaluronate and chondroitin. Due to the elimination of the hyaluronate lyase step from the analytical procedüre, the method not only becomes simpler but also yields a superior result.
